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ABSTRACT: IL-1�, a proinflammatory cytokine, may contribute to
the development of the chronic neonatal lung injury, bronchopulmo-
nary dysplasia. Chronic neonatal lung injury was induced in rats, by
exposure to 60% O2 for 14 d from birth, to determine whether
pulmonary IL-1 expression was up-regulated and, if so, whether a
daily s.c. IL-1 receptor antagonist injections would be protective.
Exposure to 60% O2 for 14 d caused pulmonary neutrophil and
macrophage influx, increased tissue fraction and tyrosine nitration,
reduced VEGF-A and angiopoietin-1 expression, and reduced small
vessel (20–65 �m) and alveolar numbers. Lung IL-1� and -1�
contents were increased after a 4-d exposure to 60% O2. IL-1
receptor antagonist treatment attenuated the 60% O2-dependent neu-
trophil influx, the increased tissue fraction, and the reduced alveolar
number. Treatment did not restore VEGF-A or angiopoietin-1 ex-
pression and only partially attenuated the reduced vessel number in
60% O2-exposed pups. It also caused a paradoxical increase in
macrophage influx and a reduction in small vessels in air-exposed
pups. We conclude that antagonism of IL-1-mediated effects can, in
major part, protect against lung injury in a rat model of 60% O2-induced
chronic neonatal lung injury. (Pediatr Res 66: 260–265, 2009)

Bronchopulmonary dysplasia (BPD) is a chronic neonatal
lung injury (CNLI), which occurs in preterm infants

delivered before 32-wk gestation. The pathologic features of
BPD in the modern era are lung interstitial thickening and an
inhibition or arrest of alveolar formation (1). Severe disease
can be associated with pulmonary hypertension (2) and vas-
cular pruning (3). The factors contributing to the development
of BPD have not been completely elucidated, but there has
been a significant progress in unraveling the molecular mech-
anisms involved (4).

It has been suggested that inflammation and proinflamma-
tory cytokines play a central role in the development of BPD
(5). Consistent with this was the observation that maternal
chorioamnionitis was associated with an increased risk of the
development of BPD after delivery (6), although a subsequent

study did not confirm this observation (7). Elevated concen-
trations of IL-1�, -6, and -8 in amniotic fluid from pregnancies
complicated by chorioamnionitis have been linked to the
development of BPD (8). Mice conditionally overexpressing
IL-1� during the perinatal period have an impaired alveolar
formation and a lung pathology resembling BPD (9).

The cumulative evidence is consistent with a causative role
for IL-1� overexpression in CNLI. However, the evidence is
indirect, and intervention studies are required to confirm a
critical role. The IL-1 receptor (IL-1R) has three natural
ligands: IL-1�, IL-1�, and IL-1 receptor antagonist (IL-1Ra).
A signal is transduced after binding of IL-1� and IL-1� but
not after binding of IL-1Ra. We, therefore, undertook an
intervention study using a soluble IL-1Ra, to block the IL-1R
(10–13), in a rat model of CNLI induced by a 14-d exposure
to 60% O2. This model, as in the human infant with BPD,
demonstrates a lung pathology characterized by interstitial
thickening, impaired alveolar development, influxes of neu-
trophils and macrophages, and pulmonary hypertension
(14,15). The pulmonary hypertension is macrophage influx-
dependent (15). We have subsequently presented preliminary
evidence that this pulmonary hypertension is associated with a
loss of small vessels in the lung, and that the macrophage
influx is initiated by a preceding neutrophil influx (Yi M et al.,
Inhibition of neutrophil influx protects against vessel loss in
60% oxygen-induced neonatal rat lung injury, 2008 PAS
Annual Meeting, May 2–6, Honolulu, Abstract 4850.3). The
interstitial thickening and impaired alveolar development are
neutrophils influx-dependent, but not macrophage influx-
dependent (15,16). In the latter study (16), neutrophil influx,
which was established by d 4 of exposure, was prevented by
the use of a selective CXC chemokine receptor-2 antagonist,
which prevented binding of cytokine-induced neutrophil che-
moattractant-1 (CINC-1) to neutrophils. Adult type II pneu-
mocytes secrete CINC-1 in response to an IL-1� challenge in
vitro, but not to ozone (17), making it difficult to predict how
the neonatal lung exposed to 60% O2 would respond in vivo.Received March 27, 2009; accepted April 23, 2009.
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METHODS

In vivo interventions. Animal experiments were approved by the Animal
Care Review Committees of the Sunnybrook and Hospital for Sick Children
Research Institutes and complied with Canadian Council for Animal Care
guidelines. Rat pups (10–12/litter) were exposed to 60% O2 or air in paired
chambers for up to 14 d (14–16,18,19). Pups delivered inside the exposure
chambers. Dams were exchanged daily between chambers to avoid maternal
O2 toxicity. Pups were injected daily with 500 mg/kg (150 mg/mL) s.c.
pharmaceutical grade recombinant human IL-1Ra (Kineret, Amgen, Thou-
sand Oaks, CA) or normal saline vehicle. This dose was based on a previous
study in rodents, which found it to be nontoxic and well tolerated (20).

Cytokine assays. The initial screening for IL-1� was conducted on lung
homogenates using a rat-specific multiplex assay kit (Linco Research, St.
Charles, MO) and a Luminex100 analyzer (Luminex, Austin, TX) according to
the manufacturers’ instructions. The screening assay of multiple cytokines
was to allow the formulation of alternative strategies should IL-1� synthesis
not be increased. The samples for screening were, in the first instance, from
pups that had been exposed to air or 60% O2 for 4 d, based on the previous
observations that the inflammatory response, as assessed by neutrophil- and
macrophage-derived reactive oxygen species, was well established by d 7
(21). Because IL-1� synthesis was altered at 4 d, testing at further time points
was not necessary.

Immunohistochemistry. Perfusion fixation of lungs was at a constant
inflation pressure of 20 cm water. Left lung blocks were randomly oriented for
cutting of 5-�m sections. An avidin-biotin-peroxidase complex method (22)
was used for immunostaining. Slides were incubated with the primary anti-
body overnight at 4°C. Sections were incubated with biotin-conjugated
secondary antibody for 1 h, following which the labeled Vectastain ABC
system (Vector Laboratories, Burlingame, CA) was used with a substrate of
3,3�-diaminobenzidine (Peroxidase Substrate kit, DAB, Vector Laboratories).
Mounting of slides was in Permount mounting medium. Immunostaining was
with 1:1000 primary rabbit polyclonal antibody to myeloperoxidase (Dako
Canada, Mississauga, ON) to identify neutrophils (16), with a 1:100 mouse
anti-rat CD-68 antibody (Serotec, Oxford, UK) to identify macrophages (23)
and with a 1:2600 goat polyclonal antibody (Elastin Products, Owensville,
MO) to elastin for identification of secondary crests. Secondary species-
specific antibody concentrations were 1:200 for myeloperoxidase, CD-68, and
elastin. Counter staining was with Methyl Green for myeloperoxidase, Nu-
clear Red for CD-68, and Carazzi hematoxylin for elastin.

Protein assay. Protein contents of homogenates were measured as de-
scribed by Bradford (24).

Myeloperoxidase assay. Quantitation of myeloperoxidase activity, as a
measure of pulmonary neutrophil content (25), was by colorimetric assay, as
described previously (16).

Western analyses. Western blots of frozen lysates from perfused lung
tissue were performed as previously described (26). Protein bands were
quantified by enhanced chemiluminescence detection (15). Integrated band
densities were calculated after subtraction of background values (15). Mem-
branes were incubated overnight at 4°C with a 1:500 dilution of rabbit anti-rat
macrophage chemotactic protein-1(MCP-1; Upstate Biotechnology) or 1:100
dilutions of goat anti-murine macrophage inflammatory protein-1� (MIP-1�)
and MIP-1� (Santa Cruz Biotechnology). As an internal control, glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was detected using a 1:500
dilution of a rabbit polyclonal antibody to GAPDH (Santa Cruz, Biotechnol-
ogy). After washing, the membranes were incubated with a horseradish
peroxidase-conjugated donkey anti-goat IgG secondary antibody at a 1:2000
dilution or a horseradish peroxidase-conjugated goat anti-rabbit IgG second-
ary antibody (Cell Signaling Technology) at a 1:2000 dilution, for 1 h.

ELISA. Quantitation of nitrotyrosine content, as an index of peroxynitrite-
mediated reactions, was performed using a kit (Cayman, Ann Arbor, MI), as
was quantitation of angiopoietin-1 (Ang-1), VEGF-A and its receptor, Fms-
related tyrosine kinase-1 (Flt-1; R&D Systems, Minneapolis, MN).

Hart’s elastin stain for counting small vessels. Paraffin-embedded tissue
sections were stained using Weigert’s resorcin-fuchsin solution (Elastin Prod-
ucts Co.) diluted in 70% (vol:vol) acidic ethanol. Sections were dewaxed and
rehydrated, then rinsed in distilled water and placed in Weigert’s solution
overnight. Slides were washed in lukewarm tap water for 10 min, then
counterstained with 0.5% (wt:vol) tartrazine in 0.25% (vol:vol) acetic acid
and rinsed in distilled water. Sections were then dehydrated and cleared in
xylene, and mounted using a permount:xylene (1:1, vol:vol) mixture. Con-
centric rings with diameters of 20 and 65 �m were superimposed on images.
Only those vessels with both inner and outer elastic lamina, to identify
arterioles, and with outer elastin band diameters within this range, were
counted. The numbers of arterioles of 20–65 �m in diameter were counted in
10 random nonoverlapping fields/lung. Fields containing no identifiable arte-
rioles were included in the analysis.

Morphometric analyses. Postfixation lung volumes were measured by
water displacement. Morphometric assessments were performed as described
previously (16,19,27) on coded images (�200) of 5-�m hematoxylin and
eosin-stained sections. From nonoverlapping fields, 10 random images were
captured from each section, with four randomly oriented sections per animal
and four animals per group. To determine tissue fraction and secondary crest
volume density, a 130-point contiguous counting grid was superimposed on
each image (�200). The number of points that fell on tissue, relative to the
total number of points, was used to derive the tissue fraction. The number of
points that fell on secondary crests and all tissue were expressed as secondary
crest/tissue ratios. Estimated total alveolar numbers were calculated as de-
scribed by Weibel and Gomez (28).

Data presentation. Values are presented as mean � SEM. Statistical
analyses were by one-way ANOVA, followed by the Holm-Sidak post hoc
test for between-group differences, using the SigmaStat (SPSS Inc., Chicago, IL)
analysis program. A p value �0.05 was required for statistical significance.

RESULTS

Protein content of lung homogenates. No differences were
found between the groups (data not shown).

Impact of exposure to 60% O2 on lung cytokines content.
The initial screening study using d-4 lung homogenates to
determine whether expression of IL-1� was up-regulated in
this model confirmed that it was, as were IL-1� and the
structurally related cytokine, IL-18 (Fig. 1). At the single
time-point studied, there were no statistically significant
changes in the expression of IL-2, -4, -5, -6, -10, 12p70,
MCP-1, or tissue necrosis factor-�.

Effect of injected IL-1Ra on lung and body weights and
lung volumes. As shown in Table 1, a 14-d exposure to 60%
O2 caused a significant reduction in lung/body weight ratio,
which was prevented by treatment with IL-1Ra. Neither lung
weights nor postfixation lung volumes differed significantly
between the groups.

Effect of injected IL-1Ra on phagocyte influx and tyrosine
nitration. Treatment with IL-1Ra did affect the neutrophil
influx into the lung induced by 60% O2, as was evident by
qualitative assessment using direct microscopy (Fig. 2A) and
by quantitative assessment using a myeloperoxidase assay of
lung homogenates (Fig. 2B). Treatment with IL-1Ra appar-

Figure 1. (A) IL-1�, (B) IL-1�, and (C)
IL-18 concentrations in neonatal rats ex-
posed to air (open bars) or 60% O2 (solid
bars) for 4 d. *p � 0.05 by one-way
ANOVA compared with values for pups
exposed to air. Values are means � SEM
for lung homogenates from four different
litters. Each homogenate was prepared
from 10 to 12 pups within an individual
litter.
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ently not only limited the macrophage influx induced by 60%
O2 but also increased the influx in air-exposed pups (Fig. 3A),
which was confirmed by direct cell counts, as no colorimetric
assay for macrophage influx was available (Fig. 3B). When
the known macrophage chemoattractants MCP-1, MIP-1�,
and MIP-1� (29) were analyzed in lung homogenates by
Western blot, the band for MIP-1� was so faint that it could
not be quantified. Treatment of air-exposed pups with IL-1Ra
did not result in any increased expression of MCP-1 or
MIP-1� on d 4, 7, or 14 of life (data not shown). Consistent
with the observed changes in macrophage influx were alter-
ations in tyrosine nitration, which, in this model, is macroph-
age-dependent (15). Exposure to 60% O2 resulted in a signif-

icant increase in tyrosine nitration, as reported previously
(15), which was not attenuated by concurrent treatment with
IL-1Ra (Fig. 4).

Effect of injected IL-1Ra on lung structure. Treatment
with IL-1Ra also seemed to have an impact on the histology of
the 60% O2-exposed lung (Figs. 2 and 3). As assessed by
morphometry, the increase in tissue fraction observed after
exposure to 60% O2 was prevented by treatment with IL-1Ra
(Fig. 5A). Exposure to 60% O2 resulted in a lesser alveolar
density, which was not statistically significant, although con-
current treatment with IL-1Ra resulted in a significant increase
in alveolar density over that observed in lungs of vehicle-
injected animals exposed to 60% O2 (Fig. 5B). There was a

Figure 2. Lung neutrophil accumulation
in neonatal rats injected with vehicle or
IL-1Ra while exposed to air or 60% O2 for
14 d. (A) Myeloperoxidase immunoreac-
tivity (black stain) was used to illustrate
the presence of neutrophils. Bar � 100
�m. (B) Myeloperoxidase activity in lung
homogenates was used to quantify pulmo-
nary neutrophil influx in vehicle-treated
(open bars) or IL-1Ra-treated (solid bars)
pups. *p � 0.05 by one-way ANOVA
compared with values for pups exposed to
air. Values are means � SEM for lung
homogenates from four different litters.
Each homogenate was prepared from 10 to
12 pups within an individual litter.

Figure 3. Lung macrophage accumula-
tion in neonatal rats injected with vehicle
or IL-1Ra while exposed to air or 60% O2

for 14 d. (A) CD-68 immunoreactivity
(black stain) was used to illustrate the
presence of macrophages. Bar � 100 �m.
(B) Direct counts of CD-68-immunoreac-
tive cells were used to quantify pulmonary
macrophages influx in vehicle-treated
(open bars) or IL-1Ra-treated (solid bars)
pups. *p � 0.05 by one-way ANOVA
compared with values for all other groups.
§p � 0.05 by one-way ANOVA compared
with values for vehicle-treated pups in air.
Values are means � SEM for 4–6 average
sized pups from each of four different litters.

Table 1. Lung weight (LW), body weight (BW), and postfixation displacement lung volumes (LV) of rat pups that had been exposed to air
or 60% O2 for 14 d from birth and injected daily with IL-1Ra or vehicle

Analysis
Air � vehicle

(mean � SEM)
Air � IL-1Ra

(mean � SEM)
60% O2 � vehicle

(mean � SEM)
60% O2 � IL-1Ra

(mean � SEM)

LW (mg) 490 � 15 463 � 20 447 � 8 457 � 24
BW (g) 25.67 � 0.26 27.96 � 0.40* 26.69 � 0.20 27.43 � 0.36*
LW/BW ratio � 10�2 2.04 � 0.09 1.92 � 0.07 1.66 � 0.04* 1.79 � 0.77
LV (�L) 1020 � 30 1039 � 110 1000 � 39 1010 � 59

n � 12 pups from two litters (BW groups), six pups from two litters (LW and LW/BW groups), or four pups from two litters (LV) in each group.
* p � 0.05 by one-way ANOVA of variance compared with vehicle group in air.
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significantly smaller secondary crest-to-tissue ratio after ex-
posure to 60% O2, which was significantly, but incompletely,
prevented by concurrent treatment with IL-1Ra (Fig. 5C).
That this prevention was incomplete, despite this group having
a normal alveolar density may be explained by some residual
tissue thickening, which, although not statistically significant,
was increased above control values (Fig. 5A) and was apparent
under the microscope in some fields (Fig. 2). Consistent with

this reasoning, the significantly lower estimated total alveolar
number observed after a 14-d exposure to 60% O2 was not
only completely prevented by concurrent treatment with Il-1Ra,
but also exceeded the values for vehicle-treated air-exposed pups
(Fig. 5D). None of the parameters measured in air-exposed pups
treated with the IL-1Ra were significantly different from air-
exposed and vehicle-treated pups (Fig. 5A-D).

Effect of injected IL-1Ra on the number of small pulmo-
nary vessels. The reduction in small vessel numbers after
exposure to 60% O2 was significantly attenuated by treatment
with IL-1Ra, but the protection was incomplete, with small
vessel numbers still being significantly below that found in
air-exposed control pups (Fig. 6A). Treatment of air-exposed
control pups with IL-1Ra also caused a significant decrease in
small vessel numbers.

Effect of injected IL-1Ra on lung VEGF-A Ang-1 and
Flt-1 concentrations. The reduced vessel numbers observed
after exposure to 60% O2 correlated with reduced concentra-
tions of VEGF-A (Fig. 6B), Ang-1 (Fig. 6C) but not of the
receptor Flt-1 (Fig. 6D). Treatment with IL-1Ra did not
prevent the reduced concentrations of VEGF-A or Ang-1.

DISCUSSION

Our objective was to determine whether IL-1 expression
was increased in rat CNLI and, if so, whether antagonism of
the IL-1R would protect against lung injury. We did observe
increased lung concentrations of both IL-1� and IL-1� early

Figure 6. Lung vessel number and putative mediator contents in neonatal
rats injected with vehicle (open bars) or IL-1Ra (solid bars) while exposed to
air or 60% O2 for 14 d. (A) Vessels with outer elastin lamina of 20–65 �m
were counted to obtain a vessel density. Lung homogenates were assayed for
their content of (B) VEGF-A, (C) Ang-1, and (D) the VEGF receptor, Flt-1.
*p � 0.05 by one-way ANOVA compared with values for pups exposed to
air. §p � 0.05 by one-way ANOVA compared with values for vehicle-treated
pups in 60% O2. Values are means � SEM for 4–6 average sized pups from
each of four different litters.

Figure 4. Lung nitrotyrosine contents of neonatal rats injected with vehicle
(open bars) or IL-1Ra (solid bars) while exposed to air or 60% O2 for 14 d.
*p � 0.05 by one-way ANOVA compared with values for all other groups.
Values are means � SEM for 4–6 average sized pups from each of four
different litters.

Figure 5. Morphometric analysis of lungs from neonatal rats injected with
vehicle (open bars) or IL-1Ra (solid bars) while exposed to air or 60% O2 for
14 d: (A) tissue fraction; (B) alveolar density; (C) secondary crest-to-tissue
ratio; (D) estimated total alveolar number. *p � 0.05 by one-way ANOVA
compared with values for vehicle-treated pups exposed to air. §p � 0.05 by
one-way ANOVA compared with values for vehicle-treated pups exposed to
60% O2. Values are means � SEM for 4–6 average sized pups from each of
four different litters.
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in the time course of lung injury. Increased IL-1� has been
previously reported in neonatal and adult mice (30,31) and
neonatal rabbits (32), exposed to �95% O2, although its
specific contribution to O2-induced lung injury was not as-
sessed. Ventilator-induced lung injury in rats and rabbits was
attenuated by treatment with an IL-1Ra (12,13). Our data are
consistent with activation of the IL-1R being a critical medi-
ator of rat CNLI, but does not distinguish between IL-1� and
IL-1� as single or joint mediators of injury. Antagonism of the
IL-1R completely prevented the neutrophil influx normally
observed after exposure to 60% O2 and, as previously de-
scribed, when neutrophil influx was prevented by blockade of
the CXC-2 receptor (16), this was associated with a reduced
parenchymal thickening, an improved secondary crest forma-
tion, and an increase in alveolar number over that observed in
the air-exposed control pups. Our morphometric approach
does lack the precision of more elegant and sophisticated
approaches currently in use (33). However, it has the advan-
tage of simplicity, and we have found it to be well suited to
demonstrate large differences between the experimental
groups.

Lung macrophage content was also affected by antagonism
of the IL-1R. Pups exposed to 60% O2 had an increase in lung
macrophages, as observed previously (15,21), which was par-
tially attenuated by the IL-1Ra. Pups exposed to 60% O2 had
increased nitrotyrosine formation, which was used as a marker
for peroxynitrite-mediated reactions. Peroxynitrite is a potent
constrictor of pulmonary arterioles (34) and could contribute
to the 60% O2-mediated reduction in small vessel number.
Treatment with IL-1Ra did not attenuate the increased nitro-
tyrosine formation observed after exposure to 60% O2. Given
our previous findings that macrophage depletion of the lungs
completely prevented 60% O2-induced nitrotyrosine forma-
tion (15), we attribute the failure of IL-1Ra to attenuate the
60% O2-mediated increase in nitrotyrosine formation to the
incomplete suppression of the macrophage influx. The partial
protection against the reduction in small vessels number ob-
served after treatment of 60% O2-exposed pups with IL-1Ra
could also reflect a blocking effect on the action of IL-1� on
vascular smooth muscle to induce proliferation and an inflam-
matory phenotype (35). Alternatively, it may reflect a protec-
tive effect on vessel formation through an inhibition of IL-1�-
mediated reduced VEGF concentration (9). However, we
found that treatment with IL1Ra offered no protection against
60% O2-mediated reduced VEGF or Ang-1 concentrations.

The chemoattractant(s) responsible for stimulating an influx
of macrophages after exposure to 60% O2 has not yet been
elucidated, but macrophage influx is well established by d 7 of
exposure (15). When studied at d 4, 7, and 14 of exposure, the
whole-lung contents of MCP-1, MIP-1�, and MIP-1� were
not increased in pups exposed to 60% O2 and/or IL-1Ra. This
could reflect focal increases in the injured lung not detected by
whole-lung analyses or suggest the presence of alternative
unmeasured macrophage chemoattractants, such as elastin
fragments (36) produced by the action of neutrophil elastase.
Of particular interest was the observation that air-exposed
pups treated with the Il-1Ra had an unanticipated increased
macrophage influx. This was not accompanied by an increased

nitrotyrosine formation, at least at the single time-point stud-
ied, although a significant reduction of small vessels was
observed. How antagonism of the IL-1R leads to an influx of
macrophages into the lung is unclear.

An unanticipated increase in body weight was evident in
both the exposure groups treated with IL-1Ra. Weight loss is
associated with reduced IL-1R (37), perhaps through altered
insulin sensitivity (38), and we may have simply observed a
reciprocal effect.

Systemic corticosteroid therapy had been a commonly used
intervention for BPD until its use was curtailed because of
associated adverse neurodevelopmental outcomes (39). There
is currently no effective anti-inflammatory therapy available
for the treatment of BPD. Therefore, there has been consid-
erable interest in developing novel anti-inflammatory ap-
proaches for therapeutic use in BPD, including targeting
neutrophil chemokines (40). Our approach of targeting IL-1�
binding to its receptor using IL-1Ra was highly effective in
preventing lung parenchymal thickening and impairment of
alveolarization and partially effective in limiting the reduction
in small vessels, adding further support to the interest in
developing novel specific or nonspecific anti-inflammatory
interventions for CNLI.
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